The motor neuron disease Spinal Muscular Atrophy (SMA) results from mutations that lead to low levels of the ubiquitously expressed protein Survival of Motor Neuron (SMN). Ever-increasing data suggest that therapeutics that elevate SMN may be effective in treating SMA. We executed an image-based screen of annotated chemical libraries and discovered multiple classes of compounds that were able to increase cellular SMN. Among the most important was the RTK/PI3K/AKT/ GSK-3 signaling cascade. Chemical inhibitors of GSK-3, as well as shRNAs directed against this target, elevate SMN levels primarily by stabilizing the protein. Of particular significance is that GSK-3 chemical inhibitors were also effective in motor neurons, not only in elevating SMN levels, but also in blocking the death that was produced when SMN was acutely reduced by a SMN-specific shRNA. Thus, we have established a screen capable of detecting drug-like compounds that correct the main phenotypic change that underlies SMA.
INTRODUCTION
The neuromuscular disorder Spinal Muscular Atrophy (SMA) is the most common genetic cause of death in young children. The disease is known to be associated with defectsdeletions or particular mutations in the Survival of Motor Neuron 1 (SMN1) gene -that result in a severe reduction of SMN1 protein 1 . The SMN1 gene has been duplicated in primates, and survival is determined by the level of expression of the duplicated gene (SMN2), which, because of a nucleotide substitution in exon 7, codes mostly for an unstable truncated protein and for a small percentage of completely active full-length protein 2, 3 . Neuromuscular function and survival improve dramatically with increased number of copies of the SMN2 gene which, consequently, elevate the level of full-length SMN 4 . In fact, one of the peculiarities of the disease relates to the relationship between cell survival and quantity of SMN. Since parental carriers of SMA are phenotypically normal, presumably only approximately 50% of wildtype SMN levels are required 5, 6 , but when the level of SMN is reduced sufficiently, probably greater than 80%, most or all cells die. For example, mice lacking Smn cannot reach the blastocyst stage 7 . Importantly, there seems to be a critical level at which many cell types are relatively unaffected, but a few cell types, such as motor neurons and possibly muscle cells, are compromised 8 .
The motor neuron sensitivity to low levels of SMN in particular is not well understood given that it is a ubiquitously expressed protein. It is known that SMN is part of a complex that contains several other proteins, Gemins 2-7, and is found in all metazoan cells. SMN is localized in the cytoplasm and in nuclear structures called Gems that appear to be similar to and possibly interact with coiled bodies 9 . The full spectrum of SMN functions in nucleus and cytoplasm has not been determined, but the nuclear SMN is clearly thought to participate in pre-mRNA splicing 10 . The cytoplasmic SMN has also been claimed to be involved in splicing 11 but this is controversial 12, 13 . Additionally, in neurons, cytoplasmic SMN may play a role in mRNA transport 14, 15 and, possibly, in axon growth 16 and ion channel localization 17 . Thus, while a great deal of information has accumulated in the last few years concerning the complexity of SMN biology, why motor neurons seem to be especially susceptible in SMA has still not been resolved 18 .
SMA has recently attracted a great deal of attention from researchers because of its monogenic nature and seemingly straightforward path to the clinic. While much is not understood, data obtained from SMA patients and from SMA mouse models suggest that therapeutics that elevate SMN levels could be effective in treating this disease 19 . A very significant question, then, relates to the best way of finding and testing potential therapeutics. Several previous investigators have screened chemical diversity libraries using reporter gene assays to identify agents that either increase SMN2 transcription 20 or correct the exon 7 splicing defect in the SMN2 gene 21 . The advantage of this type of assay is that it can be carried out rapidly and used to screen large compound libraries. A novel type of study was conducted to find small molecule modulators of snRNP assembly in the hope of identifying compounds that might functionally replace SMN in this process 22 . Microscopebased assays have been employed much less frequently, generally in the context of validating hits identified in reporter gene screens 23 . In these cases, assays have focused on testing compounds for their ability to increase the number of nuclear gems as a "surrogate" method of ensuring that compounds could increase the amount of functional SMN. Such an assay depends on gems counts accurately reflecting the amount of active protein.
In work reported here, we have adopted a different type of approach. First, we have carried out a more complete image-based screen designed to find compounds that increase SMN in the cytoplasm, nucleus, or in nuclear gems. This unbiased approach allows us to identify cells with elevated SMN regardless of where the functional SMN might reside or how the protein was modified. We tested different sets of annotated compounds, as opposed to chemical diversity libraries, with the goal of discovering molecular targets that might be implicated in determining SMN levels, whether they increase SMN2 transcription, correct the splicing defect or stabilize SMN protein. We further attempted to connect the various cellular targets into regulatory pathways to identify the most "druggable" components of the pathways. In this respect, our chemical biology approach can be considered to be similar to genetic screens of the type recently published 24 . Finally, we show that small molecule inhibitors of GSK-3, one of the druggable targets downstream in a key receptor tyrosine kinase signaling pathway, increase SMN levels in SMA patient-derived fibroblasts and also in motor neurons. These molecules are able to block motor neuron death resulting from SMN knockdown, validating that our screens are capable of identifying molecules that correct true disease-specific phenotypic defects.
RESULTS

Design of an image-based SMN assay
Our main goal was to establish an assay capable of identifying compounds and, ultimately, signaling pathways that increase the amount of functional SMN protein on a per cell basis. Previous research suggests that truncated SMN (lacking exon 7 amino acids) can be functional, at least in cells that also have full-length SMN 4,25 ; thus we used an antibody that recognizes both forms of SMN. We carried out our screen using small collections of annotated compounds, including those that activate or inhibit membrane receptors, channels and kinases, rather than large chemical diversity libraries. Many of our compounds have known activities, which aids in the progression from screen to target identification. Some of the molecules included in the screened collection were known drugs that potentially could be re-purposed to treat SMA. Our recent work has demonstrated the value of screening these types of compounds in related projects 26, 27 . Summary of our screen is described in Supplementary Table 1 .
Primary screening results
MG-132, a proteasome inhibitor previously characterized as an SMN-elevating compound 28 , was used to establish basic parameters for the screen. Cultures were treated for 48 hours, fixed and stained with an anti-SMN monoclonal antibody, and then with a fluorophore-conjugated anti-mouse antibody and Hoechst 33258 to label nuclei. Cells were viewed with an automated confocal microscope. Customized image analysis software delineated nuclear and cytoplasmic compartments and finds SMN-containing gems in the search region defined by the nuclear border, as described in detail in Supplementary Methods. The intensity of SMN staining in these discrete compartments could then be quantified (Fig. 1a,b) . Our assay and analysis conditions were sufficient to produce statistically significant data, including dose-response curves, for active compounds.
The workflow for our screen is summarized in Supplementary Results, Supplementary Fig.  1a ,b, and a representative heat map is shown in Supplementary Fig. 1c , with scatter plots given in Fig. 1c . In all, approximately 3500 compounds were tested, each at 3 different concentrations. This is because potencies (EC 50 ) of the molecules in our library can vary from nM to greater than 10 μM. If a compound is used at concentrations in vast excess of its individual active range, its specific, or on-target, effect might be lost and the chances of encountering toxicity would become higher. Screening at multiple concentrations, ranging from low to high, maximizes the probability of testing each compound at a near-optimal point. Cytoplasmic and nuclear SMN measurements showed small variability; however, gem numbers and gem intensity gave more variable results (Fig. 1c) . This is probably due to the small and diverse size of gems and their changeable number even in untreated cells. In part, it also may be attributed to the fact that gems become harder to detect as the overall nuclear "background" increases, so that compounds that produced particularly impressive increases in nuclear SMN appeared to decrease gem counts. For example, HDAC inhibitors, such as trichostatin, which scored in the screen, increased gem numbers at lower concentrations, while at higher doses, the total nuclear SMN continued to increase, but gem number appeared to decrease ( Supplementary Fig. 2a,b) . This further supports the notion that interrogating both nuclear and cytoplasmic compartments, as well as gem number, might provide additional valuable information. Most of the data in this paper were derived from compounds that increased SMN levels in those two compartments, regardless of their effects on Gem numbers.
Compounds can increase SMN in cytoplasm, nucleus or gems
For the data in this paper, compounds were considered as hits if they increased SMN greater than 30% in two of the cellular compartments (cytoplasm, nucleus, gems) at any concentration. We chose 30% as the cutoff since various results suggest that this level of increase might produce a disease lessening effect. A total of 384 primary hits that increased SMN levels in parental lines were re-tested in 8-point dose-response curves, using fibroblasts derived from SMA patients. 220 compounds with confirmed activity were screened with the same assay conditions, but in the absence of the anti-SMN primary antibody, in order to eliminate fluorescent compounds. We obtained 188 confirmed hits (Data Set 1). These were analyzed further and clustered according to their annotated targets -e.g., receptors or enzymes to which they might bind. The pie chart in Supplementary Fig.  1d represents an analysis of the types of compounds that constituted the set of 188 confirmed hits.
We observed that, at particular times after compound addition, the SMN increase was not homogeneous in all compartments and that the effect of individual types of compounds varied as to which pool of SMN was primarily affected. Illustrations of this finding are presented in Fig. 2 and in Supplementary Fig.3 . For example, at several different concentrations, both the proteasome inhibitor lactacystin and the calpain inhibitor ALLN produced an obvious increase in gem number; however the increase in overall nuclear SMN was much less dramatic. At sub-micromolar concentrations, an imidazolo-oxindole PKR inhibitor induced more than a 50% increase in cytoplasmic SMN, but a much smaller change in nuclear SMN was observed. The PDE V inhibitor MBCQ had a similar effect at concentrations ranging from 0.3-100 μM. At particular concentrations and times of treatment, both the cannabinoid agonist WIN 55,212-2 and the HDAC inhibitor SAHA produced more of an increase in the nuclear, than in the cytoplasmic, compartment. These results reinforce the value of carrying out this type of comprehensive image analysis.
Ion channel modulators increase SMN levels
We carried out a more detailed study of a small number of the compound classes that were identified and confirmed in our screen. We found that Na,K-ATPase inhibitors, such as the cardiac glycoside ouabain, consistently emerged as hits (Fig. 3 , image shown in Supplementary Fig. 4a ). Multiple cardiac glycosides could increase SMN in the nucleus and cytoplasm at concentrations close to those at which they are known to inhibit the enzyme 29, 30 ( Supplementary Fig. 4b ). Mechanistically, these enzyme inhibitors should produce a net gain in intracellular Na + that may then lead to increased intracellular Ca 2+ via activity of the Na,Ca-exchanger 31 . Thus, we tested compounds that directly increase Na + or Ca 2+ levels. Monensin, a sodium ionophore, also increased SMN, as did the Ca 2+ ionophore A23187 (Fig. 3 , image shown in Supplementary Fig. 4a ). As an alternative way of increasing Ca 2+ , we tested thapsigargin, an inhibitor of the endoplasmic reticulum Ca 2+ -ATPase, which stimulates release of Ca 2+ from intracellular stores. Thapsigargin addition also resulted in SMN upregulation (Fig. 3 , image shown in Supplementary Fig. 4a ). Data on additional sodium and calcium elevating compounds are given in Supplementary Fig. 4c . These results demonstrate that one way in which ouabain and other Na,K-ATPase inhibitors increase SMN is by increasing intracellular calcium. The effects of Ca 2+ increasing treatments are being explored separately.
Growth factors increase SMN levels
Recent publications have also described other ways that circulating hormone-like molecules such as ouabain may act, namely, by modulating intracellular signaling pathways, including those regulated by ligands of receptor tyrosine kinases (RTKs) 32 . We carried out a set of experiments to test if direct activation of RTKs might also be able to increase SMN levels. SMA patient fibroblasts were incubated with various RTK ligands for 72 hours and then SMN levels were measured. We found that several of them were active (Supplementary Table 2 ). Platelet-derived growth factor (PDGF), and in particular PDGF-BB, produced the greatest fold-increase in SMN levels, reaching more than 2-fold after 72 hrs (Fig. 4a , image shown in Supplementary Fig. 5a ). Several other PDGF isoforms gave increases in nuclear and cytoplasmic SMN after 72 hours of incubation ( Supplementary Fig. 5b ).
To determine the specificity of PDGF action, we used a PDGF neutralizing antibody. In the experiment illustrated in Fig. 4b , we added increasingly larger amounts of antibody while keeping the PDGF concentration fixed. The increase produced by PDGF was blocked. Next, we pre-incubated cells with DMPQ or AG-1236, two small molecule PDGF receptor (PDGFR) inhibitors. As seen in Fig. 4c , at a fixed concentration of those two inhibitors, the elevated levels of SMN produced by even high levels of PDGF-BB were substantially reduced, going below baseline levels. We normally maintain our cells in serum-containing medium, which has PDGF as a component. Thus, we speculated that part of this effect could be due to additional blockade of the signaling produced by the PDGF in serum. This also appeared to be the case since either adding the PDGF neutralizing antibody or PDGFR kinase inhibitors to the medium of otherwise untreated cells ( Supplementary Fig. 5c ) or reducing serum from 10% to 0.5% ( Supplementary Fig. 5d ) could decrease SMN. We conclude that the amount of SMN per cell is responsive to physiological levels of PDGF and, presumably, of other RTK ligands.
PDGF increases SMN, in part, by inhibiting GSK-3β
With some variation from cell type to cell type, PDGF-BB is known to activate several intracellular pathways including those involving the MAP kinase cascade and PI3K/AKT signaling. To gain some information as to which downstream kinases are phosphorylated upon PDGF receptor stimulation in SMA patient fibroblasts, we used a Phospho-MitogenActivated Protein Kinase antibody array and compared the profile of relative phosphorylation of 19 kinases between untreated and PDGF treated samples. PDGF addition primarily led to phosphorylation of AKT, RSK1, p38 and GSKα/β, while having little effect on the phosphorylation of ERK1 and ERK2 or most other kinases under our treatment conditions ( Supplementary Fig. 6a ,b).
In order to illuminate which pathways downstream of the PDGFR are responsible for SMN regulation, we treated cells with inhibitors of downstream kinases prior to PDGF stimulation. Consistent with the failure to find substantial modification of ERK1/2 phosphorylation after PDGF addition, we observed that the ERK1/2 kinase inhibitors PD98059 and U0126 produced, at best, a partial inhibition of the PDGF effect ( Supplementary Fig. 7a,b) . Pre-treatment of cells with either of two structurally distinct p38 inhibitors, SB202190 ( Supplementary Fig. 7c,d ) or SB203580, yielded a moderate inhibition of SMN in the cytoplasm, but did not inhibit nuclear SMN. However, the PDGF-mediated SMN increase could be completely abolished by addition of a PI3K inhibitor LY294002 (Fig. 5a,b) . Additionally, the SMN increase was abolished by PI-103, a dual inhibitor of PI3K and mTOR (Fig. 5b) . If PI3K transmits the PDGF signal, we would also expect PI3K inhibitors to decrease the basal level of SMN when cells are kept in their normal serumcontaining medium. This turned out to be the case: addition of chemically different PI3K inhibitors to cells caused as much as a 20-40% reduction in SMN levels in nucleus and cytoplasm ( Supplementary Fig. 7e ,f).
These results suggest that RTK ligands, such as PDGF, regulate SMN levels using a signal transduction cascade initiated by activation of PI3K. To further explore this finding, we examined the role of GSK-3, a constitutively active kinase downstream of PDGFR and PI3K/AKT. First, we confirmed by Western blot analysis that PDGF increases SMN relative to tubulin (Fig. 5c,d ), (the full gel is shown in Supplementary Fig.8a ). The fold increase seen by Western blot was similar to that observed by imaging, even though the measurements are somewhat different in that SMN as measured by cellular imaging is not normalized with respect to the levels of other proteins. This demonstrates that the effects of PDGF do not result from a global increase in cellular protein. It is known that phosphorylation of GSK-3β on Ser-9 or of GSK-3α on Ser21 residues leads to inhibition of enzyme activity 33, 34 . This inhibition is produced by RTK and Wnt signaling and results in activation of downstream targets. We next prepared cellular lysates from patient fibroblasts that were stimulated with 50ng/ml of PDGF-BB for 1 hour. Western blot analysis showed that PDGF increased the inhibitory phosphorylation of both GSK-3β and GSK-3α (Fig. 5c ), (the full gels are shown in Supplementary Fig.8b,c) . Immunocytochemistry experiments confirmed a dosedependent increase of the phosphorylated form of the GSK-3β enzyme at 72 hours ( Supplementary Fig. 8d ). The localization of phospho-Ser9-GSK in PDGF-treated fibroblasts bears a superficial resemblance to the staining pattern for SMN itself ( Supplementary Fig. 8e ). A careful examination found, however, that the distribution of p-GSK-Ser9 did not overlap completely with that of SMN ( Supplementary Fig. 8f ). Further study will be necessary to see if there is meaningful co-localization of GSK-3β and SMN in any intracellular compartment.
Having confirmed that PDGF addition can lead to phosphorylation and, hence, inhibition of GSK-3 kinase, we explored whether GSK-3 is functionally important in controlling SMN. We tested several different chemical inhibitors of this enzyme for their effects on SMN levels. At relatively low concentrations, alsterpaullone (Fig. 6a,b) , a dual GSK-3, cyclindependent kinase inhibitor, and to a lesser extent its analog 2-cyanoethyl alsterpaullone 35 (Avg for 3-day treatement is 1.67+/−0.19 in 2 separate experiments) were able to elevate SMN in patient fibroblasts. We also tested an extensive list of other putative GSK kinase inhibitors and found several additional inhibitors that were able to increase SMN ( Supplementary Fig. 9a,b) .
To confirm that the compounds were acting, at least in part, as GSK-3 inhibitors, we treated patient fibroblasts with lentiviruses containing anti-GSK shRNA constructs. There are two GSK-3 isoforms, α and β, which, although they may differ somewhat in their cellular actions, have virtually identical catalytic sites and both are likely to be inhibited by the compounds we used 36 . We reduced the levels of the two isoforms singly and in combination. We found a significant increase in SMN levels in cells with less GSK-3 protein, observing as much as 4-5-fold increase in the double knockdown cells (Fig. 6c,d ), (the full gels are shown in Supplementary Fig. 9c-e) . This result validates GSK-3 kinase as a true molecular regulator of SMN.
GSK-3 inhibitors reduce the rate of SMN degradation
We were interested in determining how activation of RTK signaling pathways and inhibition of GSK-3 might produce higher cellular concentrations of SMN. In other words, we wanted to determine if their actions could be accounted for by (a) increasing SMN2 transcription, (b) changing the degree of splicing to produce more full-length mRNA, or (c) stabilizing existing protein. First, we used q-PCR to measure the levels of truncated and full-length mRNAs at various times after treatment using conditions identical to those that increase protein levels. Particularly at earlier time points, we found a relatively small and variable increase (approximately 2-fold) in full-length or in truncated mRNA levels, depending on the treatment ( Supplementary Fig. 10a,b) . In any case, in no instance did we find a striking change in splicing alone (i.e., a shift in the proportion of mRNA that was full-length).
Therefore, we also considered an effect on protein stability, especially since proteasome inhibitors score consistently in our assay and GSK-3 is a known regulator of protein stability 37 . Importantly, SMN has a consensus GSK-3 phosphorylation site on Ser4 38,39 and we confirmed by mass spectroscopy analysis that this residue is phosphorylated in untreated cells ( Supplementary Fig. 11 ). Expressing a tagged S4D mutant SMN protein or tagged S4D mutant Δ7 SMN led to a significant decrease in protein levels compared to expressing tagged forms of wildtype SMN or Δ7 SMN, respectively (Figure 7a,b) , consistent with the notion that both forms of the protein degrade more rapidly when this residue is phosphorylated. As further confirmation, we expressed tagged versions of these mutant forms in HEK cells, treated them with cycloheximide to inhibit protein synthesis and measured SMN levels over the next 12 hour period 40 . The turnover rates of the S4D mutants were much more rapid, particularly for the Δ7 form (Figure 7c-f) , (the full gels are shown in Supplementary Fig. 12a-d) . Thus, GSK-3 appears to phosphorylate SMN and increase its turnover rate, leading to a decrease in total levels. The enzyme inhibitors may act by reducing the level of SMN phosphorylation, producing an increase in stability.
Alsterpaullone rescues motor neurons after Smn knockdown
Our screen revealed many distinct classes of compounds that are capable of elevating SMN in different intracellular compartments. Because it is not entirely clear where the functional SMN resides (and whether the functional SMN has particular post-translational modifications), we felt that it was important to determine if any of these compounds could exert a positive effect on a cell type relevant to understanding and treating SMA. We chose to investigate whether GSK-3 kinase inhibitors could promote survival of mouse motor neurons with reduced Smn levels. It is important to note that PDGF itself has no effect on SMN levels in motor neurons. Gene expression analysis of our motor neurons confirms that these cells are relatively deficient in PDGFRs compared to fibroblasts.
Motor neurons were produced from mouse ES-cells expressing cherry fluorescent protein (CFP) under the control of the motor neuron-selective Hb9 promoter, as previously described 41 . We first used single cell imaging to confirm that alsterpaullone could elevate Smn in motor neurons (Fig. 8a) . Alsterpaullone did increase SMN (Avg for a 3-day treatment is 1.69+/−0.12 in 4 separate experiments; range of increase was 1.5-1.8-fold). While the effect was somewhat smaller than what we found in human fibroblasts, it is in the range of what we have found with other compounds that increase motor neuron SMN and in the range of increases anticipated to have an impact on disease progression (in preparation).
Wildtype motor neurons were infected with three lentiviral constructs acquired from Open Biosystems (pGIPZ): a non-silencing (NS) shRNA and two with unique shRNA sequences directed against the Smn transcript. Virtually all of the motor neurons were infected under the conditions chosen for these experiments. Quantification of SMN knockdown was first performed using 3T3 cells with Puromycin selection (Supplementary Fig. 13a,b) . Both lentiviral shRNA constructs reduced Smn levels, but Smn-shRNA#2 was more effective. We then checked the three lentiviral constructs in motor neurons by sorting ES cell-derived motor neurons (cherry positive cells) infected with the pGIPZ lentiviruses (GFP positive cells) by FACS and quantifying the amount of SMN by Western blot. Uninfected and NS pGIPZ infected motor neurons had approximately the same level of SMN. In contrast, both sets of Smn-shRNA infected motor neurons had a greater than 65% knockdown, with Smn-shRNA#2 again reducing Smn levels to a larger degree (Supplementary Fig. 13c,d) . Subsequent work was carried out with that more effective lentiviral construct.
We performed motor neuron survival assays to test the effects of reduced levels of Smn. Motor neurons were plated and left untreated or infected with either the NS shRNA or Smn#2 shRNA on DIV 1. Three days post-infection (DIV 4), although there is a decrease in the motor neurons over this period, there was no difference in number of cells between untreated motor neurons and those infected with the non-silencing lentivirus. However, there was a significant reduction in motor neuron numbers in cells with lower SMN (Fig. 8b) . Therefore, motor neurons with an average level of SMN less than 30% that of wildtype experienced a significantly higher level of cell death. These results show, as might be expected, that reducing SMN compromises motor neuron survival.
To test the effects of SMN increasing compounds, we added them to motor neurons two days after lentiviral infection. Over the course of the subsequent three days, we counted live cherry expressing motor neurons on a daily basis. In the presence of alsterpaullone, the survival of motor neurons after SMN knockdown was similar to that of control wildtype cells either untreated or treated with alsterpaullone ( Fig. 8c and Supplementary Fig. 13e,f) and much greater than that of infected motor neurons not receiving compound. In other words, alsterpaullone was able to block virtually all of the death that was attributable to acute reduction in SMN. Alsterpaullone did not, however, block the basal level of cell death seen in all of the motor neuron cultures and, hence, did not have a general survival promoting effect on motor neurons.
DISCUSSION
Even though the mutations that underlie SMA, a serious childhood genetic disease of motor neurons, are now well known, the disease is still not completely understood. In particular, why motor neurons die selectively when SMN levels decrease below a certain threshold remains unclear, also providing uncertainty as to whether the functional protein in motor neurons is the SMN found in nuclear gems or, for example, in the axon. However, what does seem clear is that the severity of the disease diminishes as the number of copies of the SMN2 gene increases. That further suggests that higher levels of functional protein will also lead to improvement in the course of the disease. Therefore, we carried out a cell-based screen designed to identify compounds that increase SMN anywhere within cells, rather than just in gems. In addition, we established an additional assay in which SMN-elevating compounds could be tested for their ability to correct a phenotypic defect associated with the disease. In experiments included here, we chose motor neuron death caused by lentiviral knockdown of Smn.
We tested collections of annotated bioactive molecules, rather than diverse compound sets. Our rationale for doing this is that one of our main objectives was to identify SMN regulatory pathways that might lead us to the identification of receptors or enzymes that could be targeted to treat SMA. Our image-based screening was probably more difficult to carry out than a standard reporter gene assay, but, nonetheless, we identified numerous reproducible hits that increased SMN levels quite significantly in SMA patient fibroblasts. Hits from our screen fell into a variety of classes, some of which are described in more detail in this paper. We found that relatively low concentrations of various Na,K-ATPase inhibitors scored consistently. Part of the effect of this compound class could be attributed to the increased intracellular Na + and Ca 2+ that accompanies inhibition of that membrane transporter. However, part of the effect of Na,K-ATPase inhibitors may also be explained by the ability of cardiac glycosides such as ouabain to activate intracellular signaling pathways downstream of RTKs. To probe these pathways, we treated fibroblasts with different RTK ligands and found many of them to be active as well, with PDGF-BB producing the greatest level of increase. SMN levels were very responsive to changes in PDGF concentrations in the cell culture medium. PDGF addition elevated SMN, while resting levels of SMN could be decreased significantly by blocking endogenous PDGF in serum (or simply reducing the amount of serum in the cell culture medium). This suggests that RTK ligands, such as PDGF, might control SMN levels under normal cell growth conditions. Since several growth factors increased cell numbers in addition to SMN levels, there is some chance that those two processes are inextricably linked. That is, perhaps SMN levels simply increase when cells are subjected to a mitogenic stimulus. However, this cannot be the entire explanation for our results since many of the molecules that induce cells to produce more SMN actually decrease cell numbers rather dramatically. For example, this is readily seen with both HDAC inhibitors and proteasome inhibitors, which are well known to have cytostatic or anti-proliferative effects. Furthermore, some of the hits from this fibroblast screen are also effective on motor neurons, which are clearly incapable of proliferating. Thus, there is no absolute connection between SMN levels and the cell cycle. Nonetheless, it is also true that we and others have found that C2C12 cells 42 proliferate relatively slowly, while neurospheres with low levels of SMN proliferate faster 43 . So, under certain circumstances elevated SMN levels may play a role in, or be responsive to, the cell division process.
Based on a phosphoproteomic analysis, PDGF was seen to be associated with activation of PI3K/AKT/GSK-3-mediated signaling, with some activation of RSK. The cells also appeared to have activated p38, normally considered to be regulated by stress 44 , rather than by growth factors like PDGF. We did find that anisomycin, a p38 activator, scored in our screen, suggesting that this pathway can modulate SMN levels. A recent report also found anisomycin could rapidly increase SMN levels, apparently by stabilizing and increasing mRNA levels 45 . However, we found that both ERK and p38 inhibitors had a relatively minor ability to block the increase in SMN that followed PDGF treatment. In contrast, PI3K antagonists had a strong inhibitory effect, suggesting that this is a major arm of the SMN regulatory pathway. Consistent with that was our demonstration that PDGF addition also led to an increase in Ser-9 and Ser21 phosphorylation of GSK-3α and β in our cells, thereby inhibiting that enzyme. Treating cells with a variety of chemical GSK-3β inhibitors produced an elevation of cellular SMN. We confirmed that some of the activity of the inhibitors is likely to be due to inhibition of GSK-3. Reducing levels of GSK-3α and β individually or together using shRNAs produced an extremely impressive increase in SMN levels in patient fibroblasts. This suggests that chemical enzyme inhibitors more potent or specific than the ones we used might also produce even a larger increase in SMN.
PDGF and some GSK-3 inhibitors increased SMN levels without yielding a consistent or dramatic increase in mRNA or a change in splicing. Given that proteasome inhibitors, which act to block protein degradation, also increased SMN, one possibility is that PDGF and its downstream mediator GSK-3β increase SMN by blocking its degradation. Interestingly, there is a consensus GSK-3 phosphorylation site on Ser4 of SMN. Using mass spectrometry, we confirmed that this site in phosphorylated in our cells, but a more detailed study will be needed to explore SMN posttranslational modifications quantitatively. Furthermore, recent data suggest that phosphorylation by GSK-3, which has a well-documented role in mediating degradation of β-catenin in the Wnt signaling pathway 33 , may have a broader role in regulating turnover of a variety of intracellular proteins 37 . Therefore, we hypothesized that RTK signaling inhibits GSK-3, decreasing its phosphorylation of SMN, thereby slowing Smn degradation. This was confirmed using mutagenesis experiments in which we showed that replacing Ser4 with an aspartic acid residue, mimicking a state of chronic phosphorylation, causes a sharp increase in the degradation rate of SMN.
In order to confirm that the hits we discovered had SMA-relevant biological activity, we were interested in establishing an appropriate phenotypic assay. Since SMA is a disease that involves motor neuron dysfunction and death, we focused on setting up a motor neuron assay. Previously, we isolated ES cells from a mouse model of SMA and found that motor neurons produced from these ES cells die soon after differentiation (Sinor-Anderson et al., in preparation). However, for studies described here, we chose a model in which lentiviral shRNA was used to reduce SMN in wildtype ES cell-derived motor neurons. One important issue relates to whether this is a valid phenotypic assay to test SMN-elevating compounds for their potential usefulness. It is well known that all cells require SMN and cannot proliferate or survive if their SMN is reduced sufficiently. Under the conditions of our experiments, motor neurons were selectively infected with the lentiviral vector and hence died preferentially compared to other cells in the culture, but not until their levels of SMN were reduced by approximately 75%. By way of comparison, in cultures in which SMNdeficient mouse ES are induced to differentiate into motor neurons and glial cells, motor neurons die rapidly, as mentioned, but glial cells are relatively unaffected. Therefore, that while the cell death that we observed following lowering of SMN may not be absolutely specific to motor neurons, it can nonetheless form the basis of an assay capable of choosing compounds that can modify the neurodegenerative changes that constitute the pathological basis of SMA.
PDGF itself did not affect either SMN levels or survival of the motor neurons, which lack PDGF receptors 46 . However, GSK-3 chemical inhibitors did increase SMN in motor neurons and rescued virtually all of the death that was seen in the motor neurons with lower Smn. In contrast, while HDAC inhibitors and various proteasome inhibitors can elevate SMN levels in ES cell-derived motor neurons, both classes of compounds are relatively toxic over the course of the survival experiments described here and neither is able to provide any phenotypic rescue. Jablonka et al. (2009) also found that the HDAC inhibitor valproic acid had negative effects on motor neurons 47 . Some of our data suggest that the most effective compounds, such as alsterpaullone, may inhibit one or more other kinases and this may contribute to their effectiveness. Future work will be directed at identifying these other kinases.
It is worthwhile pointing out that some of the commercially available GSK-3 inhibitors, with several different chemical scaffolds, were quite effective in elevating SMN in fibroblasts and motor neurons and some were not. There are several possible explanations for this. One is that most of these inhibitors are likely to affect more than one kinase 48 , and it may be that there are kinases other than GSK-3α and β that play a role in SMN regulation. It will be important to determine which kinase inhibition profile correlates best with the ability to increase SMN and to use that information as part of a chemical optimization campaign to maximize the beneficial effects of using these compounds therapeutically (for example, there are some negative activities associated with alsterpaullone addition to Jurkat cells) 49 . It is also interesting to note that GSK-3 has been shown to have anti-apoptotic effects on different neuronal populations 50 . Determining whether any part of the survival promoting effect that GSK-3 inhibitors have on motor neurons is independent of SMN levels is essential (although we did not find that they enhanced motor neuron survival in general under the conditions of our experiment), as is investigating whether some of the pro-survival effects on other neurons might, unexpectedly, be modulated, in part, by increased SMN levels.
In summary, we have carried out an image-based screen of annotated collections to find compounds that increase SMN in any intracellular compartment in fibroblasts. We found more than 150 active compounds that fell into different categories. Some, but not all, of these compounds also increase Smn in motor neurons, confirming that it is not absolutely essential to carry out primary screens in motor neurons themselves. Included among the hits were several signal transduction pathways, one of which lies downstream of membrane RTKs. GSK-3 appears to be a particularly important druggable intracellular target and inhibitors of that enzyme not only increase SMN, but rescue motor neuron death. We believe that this is the first time that an SMA screen has produced compounds that have such a striking effect on an important component of the disease. Future work will be directed at testing GSK-3 inhibitors and other modulators of intracellular signaling in mouse models of SMA.
METHODS
Culture of fibroblasts derived from patients with SMA and parental carriers
Untransformed human fibroblasts -GM09677, derived from 2-year old patient with SMA type 1 disease, and GM03814, derived from unaffected unmatched parental SMA carrier (Coriell Cell Repositories) -were grown in MEM (Invitrogen) containing 5% FBS (Invitrogen), 2 mM glutamine and penicillin-streptomycin(100 U/ml) in 5% CO 2 at 37°C.
High-content screen
Fibroblasts from parental SMA carriers were seeded at 500 cells per well in 384-well plates and treated in duplicate at 10 μM, 1 μM and 0.1 μM with individual compounds from the screening library: LOPAC 1280 Collection (Sigma-Aldrich), Spectrum Collection (Microsource Discovery Systems), Prestwick Chemical Library, and a custom set of 289 chemicals affecting kinases, ion channels and neuroactive small molecules. After 48h, plates were stained with Hoechst and an anti-SMN antibody and scanned by an automated confocal microscope (PerkinElmer Opera) at 20X magnification with separate fluorescent exposures with a UV light source and a 488 nM laser. Image analysis was done using Opera software, by first recognizing and outlining nuclei on the basis of Hoechst staining, then by using SMN antibody staining to detect the cytoplasmic region outside of the nucleus and to allow us to define cell boundaries. Gems were then defined as "spots" within the nuclear boundaries. Finally, SMN in these three separate compartments was quantified. The average intensity of SMN per cell for the parameters of interest was calculated based on at least 10 random fields captured per well. More details are presented in Supplementary Methods. Hit compounds were defined as those that scored 1.3 fold above the DMSO control in duplicate and increased SMN in at least 2 of the following measures: cytoplasm, nucleus, the number of gems, or SMN intensity in gems. 1 μM MG-132 was used as the positive control. The HCS data were further coupled with compound structures and analyzed using the IDBS Inc. Activity Base (version 7.1) software. Hit compounds identified in the screen were further tested in an 8-point dose response in triplicate (30-0.03 μM range, at 3-fold dilutions) with identical assay conditions.
Screening reagents
Thapsigargin, A23187, WIN 55,212-2, MBCQ, ouabain, monensin, lactacystin, ALLN, AG-1296, SDZ-201106, digoxin, digitoxin, Lanatoside C, buffalin (Enzo Life Sciences); PD98059, U0126, SB203580, SB202190, DMPQ hydrochloride, PI-103, LY294002, ionomycin (Tocris); alsterpaullone and 2-cyanoethyl alsterpaullone, trichostatin (EMD Chemicals); AR-0A14418 (Sigma-Aldrich); CHIR98014 (Axon Medchem), growth factors, and neutralizing antibodies (R&D Systems) were prepared accordingly to the manufacturer's instructions.
Immunostaining
Fibroblasts were fixed with 4% (v/v) PFA solution (Electron Microscopy Sciences) or icecold methanol/acetone mix (1:1) (Sigma-Aldrich) for 10 minutes. Motor neurons were fixed in methanol and stained with an Alexa 647 conjugated anti-GFP antibody to convert the GFP signal to the far-red channel. Immunostaining was carried out using standard protocols. The following primary antibodies were used: mouse anti-SMN antibodies (1:200, BD Biosciences, bulk order) and rabbit anti-p-GSK3β (Ser9) antibodies (1:300, Santa Cruz Biotechnology). Alexa 488 (Invitrogen) conjugated antibody against mouse and rabbit were used at 1:2000 dilution and followed by nuclear dye Hoechst 33342 (1:5000, Invitrogen).
qPCR
RNA was purified using the Tri-Reagent protocol (Sigma-Aldrich) and quantified on a Nanodrop (Thermo Fisher Scientific). Reverse transcription was performed on 500ng of total RNA by Superscript®VILO ™ cDNA kit (Invitrogen) on a Thermocycler (Bio-Rad Laboratories). qPCR was done with RT 2 SYBR Green/ROX PCR Master Mix (SA Biosciences) on a 7900HT Fast Real-Time PCR System (Applied Biosystems). Conditions and primer sequences are described in Supplementary Methods.
Immunoblot analysis and Phospho-Kinase Array
Cells were lysed with RIPA buffer (Thermo Scientific) containing an inhibitor cocktail (VWR), and 20 μg of protein, measured by DC assay (Bio-Rad), was resolved on a 10% Tris-Glycine gel and transferred to PVDF membranes (Invitrogen) by semi-dry transfer (Bio-Rad). Primary antibodies used include mouse anti-SMN (1:10,000, BD Biosciences), rabbit anti-pGSK-3β (Ser9) (1:1000, Santa Cruz Biotechnology), rabbit anti-pGSK-3α (S21) (1:1000, Cell Signaling Technology), or anti-human β-tubulin (1:10,000, Abcam) anti-HA (1:2000 Roche). Secondary HRP-conjugated goat antibodies used were against mouse and rabbit (Thermo Scientific). Signals were enhanced using a chemiluminescence kit (West Pico Reagent) and captured by a ChemiDoc imager (Bio-Rad).
For the Phospho-Kinase Array, lysates were hybridized with membranes containing 46 prearrayed antibodies against different kinase phosphorylation sites (R&D Systems), following the manufacturer's protocol. Levels of chemiluminescence for each phosphorylated protein were detected by measurement on X-ray film (Kodak).
Lentivirus preparation and shRNA construct validation
Lentivirus was produced by transient co-transfection of HEK 293T17 cells with PAX2, pMD2G and pGIPZ constructs containing Smn-targeting or non-silencing shRNA (Open Biosystems) using lipofectamine (Invitrogen). Virus was concentrated with 100kDa filter Amicon Ultra-15 centrifugation units. Virus was titered using HEK 293T17 cells. The percent of SMN-knockdown was determined by western blotting of puromycin selected 3T3 cells or FACS-sorted HB9-CFP motor neurons. Lentiviral constructs for GSK knockdown, hGSK3α: TRCN0000039766 and TRCN0000038680, hGSK3β: TRCN0000039564 and TRCN0000039565 (Sigma) were produced as mentioned above.
mES cell culture and differentiation
Mouse Hb9::CFP (cherry fluorescent protein) (gift from Kevin Eggan, Harvard University) or Hb9::GFP ES cells were differentiated into motor neurons as previously described 41 . Briefly, ESC colonies were dissociated and cultured in DFNK medium. After 2 days, EBs were treated with retinoic acid (RAc; 100nM, Sigma-Aldrich) and a hedgehog agonist (100nM). On day 3, EBs were treated with RAc (100nM) and the hedgehog agonist (1 μM) and incubated for 72h. Papain (Worthington Biochemical) and DNase I (Worthington Biochemical) were used to dissociate EBs. Cells were plated on poly-ornithine coated plates (VWR) and cultured in DMEM-F12 medium (Invitrogen) containing 2% FBS (Invitrogen), B-27 supplement (Invitrogen), 20ng/ml GDNF and BDNF, CNTF (R&D Systems), insulin, progesterone, BSA, selenite and apotransferrin (Sigma-Aldrich).
For MN survival assays, dissociated EB cultures were infected with the NS shRNA, or SMN shRNA viruses on DIV1. Compounds were added on DIV3. Percentage of MN survival was calculated compared to uninfected DMSO-treated cultures, with MN numbers obtained from the images taken during DIV3-7.
SMN stability assay
HEK 293T17 cells were transfected as described above with full length or Δ7SMN constructs. After 60 hours 100 μg/ml cycloheximide was added, and time points were collected at the indicated intervals.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Fibroblasts were pre-incubated with individual inhibitors for 2 hours, and PDGF was then added. 72 hours later, plates were stained and imaged. (a) Micrographs of untreated fibroblasts and fibroblasts treated with PDGF alone or PDGF in the presence of the PI3K inhibitor, LY294002 (50 μM). Scale bar equals 50 μm. (b) Two different PI3K inhibitors, LY294002 (50 μM) and PI-103 (2 μM), were able to completely abolish the SMN increase induced by PDGF-BB. SMN fold increases are normalized to control wells that did not receive any inhibitor or PDGF. (c,d) Western blot quantification of SMN protein level shows that treatment with 50ng/ml PDGF-BB produces greater than a 2-fold increase of SMN after 72h treatment. Additionally, treatment with PDGF for 1h leads to inhibitory phosphorylation of GSK-3β on Ser9 and GSK3α on Ser21 detected by Western blot. Survival values are normalized to the survival levels of untreated motor neuron levels to focus on the death that was associated with reduction of Smn levels. Alsterpaullone had no effect on the motor neuron death that occurred in untreated cells maintained under normal culture conditions.
